In the paper tensile (mode I) and shear (mode Π) fracture experiments on concrete are analysed with a recently developed lattice model. In the mode I experiments, crack growth is correlated to the global load-displacement behaviour. In the mode II experiments on four point shear beams, the influence of boundary conditions is studied. In the model, the material is schematized as a regular lattice of brittle breaking beam elements. The lattice is projected on top of a generated grain structure of concrete, and different stiffness and strength values are assigned to the bar elements in different parts of the concrete. Cracking is simulated as a pure brittle process. The mode I experiments revealed that crack face bridging is the main explanation for softening of concrete. In the simulations, crack face bridging was observed, and was found to be a direct consequence of the heterogeneous structure of the material. Moreover it was found that the response of the four point shear tests, including effects caused by a variation of boundary conditions, could be simulated with a pure mode I criterion for the lattice elements. Because the aggregative structure of the material is modelled directly, a natural size effect follows from the analyses. The fracture law is extremely simple, and only information regarding the stiffness and strength of the lattice elements is needed. All the model parameters are single valued. This is in sharp contrast to the softening law needed in macroscopic fracture models, which is usually a function of global average crack opening, and which becomes path dependent under combined tension and shear.
INTRODUCTION
Hillerborg's Fictitious Crack Model [1] was designed for analysing crack growth in concrete structures. The principle is that in front of a macroscopic stress-free crack a zone of discontinuous microcracking exists. In this so-called fictitious crack or process-zone stresses can be transferred, in fact analogous to the plastic crack tip zone model of Dugdale/Barenblatt. There exists enormous controversy over the true nature of the processzone. When it is defined as "the region of discontinuous microcracks in front of a continuous stress-free macrocrack" (see Mindess [2] ), process zone sizes of a few micrometer to 500 mm have been reported in literature, see [2] . Of course it must be realised that the process-zone size will depend on the resolution of the measuring technique as well as on the geometry of the specimen in which it is determined. It is the authors' opinion that the process-zone cannot be considered as a material property, but rather should be regarded as a structural property.
In the Hillerborg model, the stress-transfer in the process zone is derived from a displacement controlled uniaxial tensile test. The stress-strain diagram is split into two parts: before peak the stress-strain diagram is assumed to be valid, beyond peak, because deformations localize in a crack, a stress-displacement diagram should be used. In fact this makes the model discontinuous, in spite of the fact that it was derived to model correctly the transition from the uncracked material, via microcracking to stress-free macrocracks. In a sense, the model implies a violation of the conventional Aristotelian principle of continuity. In the words of the medieval philosopher Meister Eckhart, the principle reads 'Natura non facit saltum' (which means 'Nature does not make a leap', see for example p.75 in [3] ). Note that the assumption of continuity seems to apply at the macro-level: all experiments on concrete fracture indicate that a continuous degrading process takes place.
An implication of the Fictitious Crack Model is that the pre-peak stress-strain relation and the post-peak softening relation are considered to be material properties. The main problem is that the fracture properties cannot be derived directly from experiments. Up till now, it has not been possible to specify an experiment from which these properties should be determined, and which gives geometry independent results. Moreover, in most cases a strong dependency of boundary conditions is found [4] . Therefore an inverse technique was proposed in order to tune the model [5] . The fact that still complete functions are needed to model the 'material parameters' in the Fictitious Crack Model was one of the reasons to develop a new model, where not only continuity of the crack process is guaranteed, but in which single valued parameters and knowledge of the structure of the material (at the meso-level) would be the only information needed.
In the lattice model the material is schematized as a triangular network of brittle breaking beam elements. When the heterogeneous structure of the material is incorporated, either directly through generating an aggregative structure or by assigning random strength values to the lattice elements, global ductile response is obtained. The model has now succesfully been applied for simulating crack face bridging which seems to be the origin of concrete softening in tension [6] , [7] , curved crack growth in single-edge-notched four point shear beams [7] , shear fracture in double-edge-notched four point shear beams [8] , [9] , and the pullout of a steel anchor embedded in concrete [10] . The variability of the specimen strength through a variation of the interface strength between aggregate and matrix obtained from the numerical simulations appeared to be consistent with experimental observations [11] . After the model has been outlined briefly, recently obtained experimental evidence of crack face bridging in concrete is given and compared with results of numerical simulations. Finally the existence of 'shear fracture' in concrete is addressed. This issue has been rather controversial in the concrete fracture community, see [12] , [13] . Again both experimental data and results from numerical simulations are compared. Figure 1 . Triangular lattice (a), projection on a generated grain structure (b), and assigning different properties to the respective beam elements (c).
SIMPLE LATTICE MODEL
In the model the material specimen is treated as a complex structure where internal structure is taken into consideration. The model is based on recent developments in theoretical physics, see for example [14] . The material is modelled as a triangular lattice of brittle breaking beam elements see Figure 1 . In this paper examples of two-dimensional simulations are shown, but the principle can be extended quite easily to three dimensions as well. The model is based on the linear elastic beam model in DIANA. Non-linearities are introduced through a simple fracture law, which states that a beam element is removed from the mesh as soon as a combination of normal force and bending moment caused by some external loading on the lattice is exceeded following σ, < β ( F/A + α * max flMj, iMjyW)
.... (1) where F is the normal force in the beam element, M, and Mj are the bending moments in the nodes i and j of the beam element, A = b*h is the cross-sectional area of the bars, and W = b*h 2 /6. The coefficient α is introduced in order to select a failure mode where bending plays either a dominant or restricted role. The factor β is a scaling factor for the global maximum stress. The exact values for α and β should be derived from a parameter study and comparison with experimental results, see [7] - [ll] . After removal of a beam element the linear analysis is repeated. The external load Ρ that can be carried by the lattice is simply determined by the beam element with the highest σ/σ,-ratio, where a is the stress in the bar element caused by a test-load Ρ Μ applied to the lattice. The complete analysis is linear elastic, and an exact solution is obtained. Note however that the computational effort is tremendous and depends on the number of lattice elements. The next step is to introduce disorder in the lattice. This can be done either by choosing an appropriate bar strength or stiffness distribution, or by projecting the lattice on top of a generated aggregate structure of the concrete. In the model, the latter approach is chosen because the concrete structure is quite well known. For the distribution of the aggregate particles in the concrete a Fuller curve has been chosen. This curve represents a grading of aggregate particles which results in optimum density and strength and is therefore often used in practice. The cumulative distribution function derived by Walraven [15] , representing the probability that an arbitrary point in the concrete body, lying in an intersection plane, is located in an intersection circle with a given diameter has been used [7] . This implies that the aggregates are represented by discs.
To the different beam elements in the lattice different strength values are assigned depending of the location of the beams with respect to the aggregates. For example, to a bar element inside an aggregate properties of rock will be assigned, properties of the matrix will be assigned to beams in the cement matrix, and a beam element located on the boundary between aggregate and matrix will get a relatively low strength, at least when the behaviour of normal concrete with natural aggregates is simulated. Introducing disorder in this manner leads to tensile stress concentrations in the lattice. Failure will consequently be a random process.
CRACK FACE BRIDGING IN CONCRETE

Impregnation Experiments
As mentioned in the introduction new experiments have been carried out in order to determine the fracture mechanism in concrete. It was tried to correlate crack growth to loaddisplacement behaviour. To this end small prismatic single-edge-notched specimens of size 200 χ 100 χ 50 mm were loaded in tension in displacement control to a prescribed axial deformation in the descending branch. As soon as the prescibed deformation was reached, the specimen was unloaded till Ρ = 0, and stiff steel bars were fixed between the two opposite loading platens in the testing machine. Following this, the specimen with the loading platens still attached was removed from the loading apparatus, and impregnated under vacuum with a low viscosity fluorescenting epoxy. After hardening of the epoxy, the specimen was sawn in six parallel slices, and internal cracking could be monitored under UV light. All internal surfaces were photographed under UV light. The complete loading and impregnation procedures are outlined in [6] . The same publication gives an overview of all results.
In Figure 2 , results of three tests on three different materials are shown. The tests are representative for the entire series; the scatter in the experiments was very small, see [6] . The materials tested were a cement mortar with a maximum aggregate size of 2 mm, a 16 mm normal concrete, and a lightweight concrete containing lytag particles with a maximum diameter of 12 mm, and sand of 4 mm. For the purpose of this paper only the behaviour at crack openings larger than 50 μηι will be discussed. Fig. 2a shows that the tail of the loadcrack opening diagram is higher for concretes with increasing maximum aggregate size. Note that the lightweight concrete can be considered as a 4 mm mortar because the impregnation tests showed that cracks ran straight through the lytag particles, but avoided the smaller sand particles [16] , At 100 μηι the specimens cross-section was always completely cracked. However it was found that the cracks at this stage were not continuous but contained small overlaps near stiff aggregate particles. For the three different materials examples of crack face bridges are shown in Figures 2b, c and d . From the tests, it was concluded that the carrying capacity in the tail of the softening diagram is related to the maximum aggregate size in the concrete. The typical shape of the crack face bridges is found in a variety of materials, ranging from small overlaps in glass, cement and ceramics to large sized overlaps at the ocean floor over nine orders of magnitude, see [16] . In Figure 3 , the failure mechanism of a crack overlap is shown schematically. This mechanism was recently observed during loading of a lytag specimen in tension, see [16] . Two stages of the failure of the intact ligament between the two overlapping crack tips is shown in Figure 4 . Note that in Figure 4b , a small flexural aggregate particle 
Numerical Simulations
The impregnation experiments have been simulated with the lattice model. The mesh is shown in Figure 5 . The lattice is used only in the region of the specimen where the cracks were expected to grow. The remainder of the specimen was modelled using eight noded plane stress elements available in DIANA. The thickness of the beam elements was chosen equal to the thickness of the concrete specimen. The cross-section and length of the beams was derived from a comparison between computed overall stiffness of the complete specimen with experimental data. Note that the length of the beam elements is not really important when it becomes smaller than the smallest aggregate in the concrete. In the present analysis only aggregates between 2 and 8 mm were included. Results from a simulation are shown in Figures 6 and 7 . The parameters for the model were the Young's moduli of the matrix, aggregate and bond zone, as well as the strength o t of the beams, again depending on the location of the beam. The only other parameters needed are α and ß. In the present analysis, α = 1/3 and β = 0.5. More details about the procedures for determining these parameters can be found in previous publications, viz. [7] - [11] .
In Figure 7 , four stages of crack growth are shown. Clearly visible is that cracking starts at the interfaces between matrix and aggregate, which is in agreement with experimental observations, e.g. [17] . The first crack pattern is taken at peak, see Figure 6 . The three other crack stages are in the descending branch. At w = 12 μηι, a macrocrack starts to grow from the unnotched side of the specimen. This behaviour is typical for this single-edge-notchd geometry loaded between fixed end platens, see [6] . At w = 21 μηι, larger crack branches develop, and finally at stage d, w = 128 μηι, a complete macrocrack is observed. At this stage the two specimen halves are connected only through a number of crack face bridges. This 
SHEAR FRACTURE
Four Point Shear Tests
There is a large controversy about the existence of shear (mode Π) fracture in heterogeneous materials like concrete. Bazant & Pfeiffer [12] claim that mode II fracture exists in concrete. Ingraffea & Panthaki [13] argued however that pure mode I cracking takes place. Recently the experiments of Bazant & Pfeiffer have been repeated in the Stevin Laboratory, using exactly the same specimen dimensions. However, instead of loading the beam in a conventional compression machine, the sophisticated beam tester of the Stevin Laboratory was used. In this set-up, the four point shear beams are loaded between pendulum bars. The pendulum bars can either be fixed or rotate freely, see [8] . Beams of two different sizes were tested, viz. d = 150 mm and 300 mm (specimen thickness 37.5 mm; d is defined in Figure 8a ). The average signal of two CMSD and two CMOD gauges was used as a feedback signal in the closed loop servo-control. In the tests an 8 mm normal concrete was used. The load-displacement diagram of tests on small (S) and large (L) beams, both with fixed or freely rotating supports are shown in Figure 8b . The final crack patterns of two tests on small beams, between fixed and rotating supports, are shown in Figure 9 . The influence of boundary effects on the response of the four point shear beams is clear. When a test is carried out between freely rotating supports, two small curved cracks start to grow from the two notches, but eventually the beam will fail through propagation of one of the cracks as shown in Figure 9a . In contrast, when the beam specimen is loaded between fixed supports, two curved cracks grow, immediately followed by the nucleation and growth of a central splitting crack as shown in Figure 9b . It is most likely that Bazant & Pfeiffer defined the latter crack as a 'shear crack', but as will be shown in the next paragraph, the growth of this crack can be simulated by using a mode I criterion only. The effect of support rotations is also very prominent in the load-displacement diagrams of Figure 8b . In the case of fixed supports, the load-displacement curve will gradually increase again in the descending branch.
Numerical Simulation of 'Shear Fracture'
The four point shear tests have been simulated with the lattice model. The same input parameters were used as for the simulation of the tensile test, except that α = 0.005 and β = 2.0. From a recent variation of α and β it was found that these latter values gave a correct 'prediction' of the specimen strength in tension as well as in single-edge-notched and doubleedge-notched four point shear beams [9] . Aggregates with a diameter between 3 and 8 mm were included in the mesh. The load-displacement diagrams obtained from simulations on beams of three different sizes (d = 37.5, 75 and 150 mm), loaded between freely rotating supports are shown in Figure 10a . In the same figure the result obtained in a test is shown. In Figure 10b , the crack patterns obtained in simulations with freely rotating supports and fixed supports are shown. These latter results are for specimens with d = 75 mm. The crack patterns obtained in the numerical simulations are in good agreement with the experimental observations ( Figure 9 ). In the simulation with freely rotating supports a single curved crack is found at failure; a short crack developed near the other notch. It should be mentioned that similar results have been obtained by Rots et al. [18] using a smeared crack model. They triggered crack growth from one notch in the four point shear beam by giving a material Figure 10 . Results of simulations of the four point shear beam: (a) load-displacement response for beams of three different sizes loaded between freely rotating supports, and (b) simulated crack patterns for two beams loaded between freely rotating and fixed supports. imperfection at one of the notches. However the curvature of the failure crack that was found in their simulation was considerable less as in the present simulations. In fact, using the lattice model it has for the first time been possible to simulate curved crack growth correctly. As in the experiment, the simulation shows that the curved crack propagates towards the outer edge of the support on the lower side of the beam. In contrast, in smeared crack analyses (e.g. [18] ) it is found that the crack propagates to the notch at the lower side of the beam. In the case of fixed supports, the lattice model gives the correct crack pattern, and the experimentally observed splitting crack developed between the two curved cracks (compare Figure 9b and 10b) . It should be mentioned that similar crack patterns are observed in experiments and simulations of beam specimens of different sizes [9] .
A correct 'prediction' of the peak loads in the four point shear experiments is possible using the same input parameters as for the mode I test, see [9] . However, certain improvements are still needed because the simulations show a more brittle post-peak behaviour than found in the experiments. This might either be explained from the fact that a three-dimensional crack process is modelled in two dimensions. Alternatively, it might be argued that the simple fracture law for the lattice elements should be adjusted. Future research should resolve this problem.
CONCLUSIONS
In this paper experimental results of cracking in concrete under mode I and mode II loading are presented and compared with results of simulations with a recently developed lattice model. In the model, the material specimen is modelled as a very fine latice on which the structure of the material is projected. In fact the material specimen is considered to be a structure, and with the latice model, complex specimen response of disordered materials can be analysed in a very simple and straightforward manner. The determination of the material properties is more easy as compared to the macrolevel, where often complex functional relationships must be formulated for describing the 'material behaviour'. However definition of material properties at the macro-level is hampered by effects of boundary conditions and specimen geometry which may be very prominent as was shown in the case of concrete fracture. Moreover macroscopic behaviour under combined tension and shear seems to be path dependent, see [19] . It should be mentioned that a direct measurement of the parameters in the model faces the problems as sketched above for macroscopic material models. However now the model parameters have been reduced to single value parameters, which leads to more simplified fitting procedures. Crack face bridging and macroscopic shear fracture can be captured by the model presented in this paper with the same set of parameters, see also [9] . Moreover, it is expected that the macroscopic path dependent behaviour under combined tension and shear [19] can be simulated realistically with the lattice model.
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